The vibrational dynamics of oligomers of thiophene is treated theoretically and the experimental infrared and Raman spectra are studied with the main purpose to derive information for the interpretation of the spectra of polythiophene. The optimized geometries and the vibrational force field are calculated for the oligomers Th, (n = 1, 2, 3,4, and 6) and the parameters are used for PTh. For PTh and two isotopic derivatives dispersion curves and k = 0 phonons frequencies are calculated and a vibrational assignment is proposed.
I. INTRODUCTION
The synthesis and processing of organic synthetic metals is being explored with great attention in many laboratories with the main aim of providing new materials for new devices in modern technology. * A very large amount of experimental and theoretical work has been done on the prototype material, polyacetylene (CH), which, however, has not yet reached the chemical stability and processability required for technological applications.
Efforts have been made by synthetic organic chemists to explore other classes of chemical compounds which could combine chemical stability and processability.2A In the past few years the class of polyheteroaromatic compounds has been the center of great interest both in chemical and physical circles; among the many polymers prepared polythiophene (PTh) and its derivatives have shown good electrical conductivity, good chemical stability, and satisfactory processability. While organic chemists have immediately explored the possibility of improving the desired properties with the synthesis of various derivatives, theoretical chemists and physisicts have focused their attention at the electroni@ and physical properties of the parent molecule, PTh,7-9 and of its derivatives.
In the field of electrically conducting polymers the central problem is the description of the charge carrier 'O and the understanding of the conduction mechanism." Various chemical and physical techniques have been -applied with varying degree of success; on the same time quantum chemists12 and solid state theoretical physicists' have attempted either to justify the experimental observations or to predict properties to be measured by experimentalist.
Since the vibrational infrared and Raman spectra are capable of providing information on a molecular leve1'3*'4 spectra were recorded either for routine chemical analysis or for the study of the dynamical and electronic properties associated with the structure of pristine PTh and of the material after doping'5*'6 or upon photoexcitation."*"
The interpretation of the dynamics and of the vibrational spectra of conducting polymers has been a matter of active research and only recently the theoretical aspects seem to have reached a certain maturity. '9-23 In this paper (and in the one which follows) we treat in detail the case of PTh; starting from the spectra of oligomers we consider PTh as a one-dimensional crystal and calculate the force field and the phonon dispersion curves based on quantum chemical methods. The dynamics and spectra of the oligomers of Th are included in our analysis. The dynamical properties derived from these calculations are applied for the interpretation of the vibrational spectra of PTh after doping15*'6 and upon photoexcitation. '7*'8 This part of the work implies the consideration of the "amplitude mode theory"" in the light of its generalization based on the "effective coordinate fl."2G23 It is thus possible to propose an interpretation on a molecular basis and derive structural information from the vibrational spectra induced upon chemical doping or upon photoexcitation.
Our work is organized in the following way: since we aim at relating vibrational properties with electronic and geometrical structures in this paper (hereafter referred to as I). we prepare the numerical, structural, electronic, and dynamical data to be transferred to the paper which follows (paper II) for a discussion of the properties. of the polymer PTh more relevant to the field of organic polyconjugated electrical conductors. In paper I:(i) we calculate minimum energy ground state geometries of a few oligomers, (ii) derive the electronic parameters associated with these structures, (iii) derive dynamical parameters such as vibrational force constants and frequencies, and (iv) transfer the force field to the calculations of the phonon dispersion curves of PTh as a l-d lattice. In paper II we apply the "effective coordinate theory" for the understanding of the vibrational spectra of pristine, doped, and photoexcited PTh.
II. GROUND STATE EQUILIBRIUM GEOMETRIES AND ELECTRONIC PROPERTIES
Bredas et al. have applied the semiempirical quantum chemical method MNDO for the prediction of theground TABLE I. Chain length dependence of optimized MNDO geometries of the central structural unit and structural unit and electronic properties (1,,1F,, BW and bond orders) of oligothiophenes Th, (n = 1,2,3,4, and 6 In this work we calculate by MNDO the ground state geometries of the five oligomers by energy minimization procedures in which all geometrical parameters are allowed to change with the exception of the torsional angles between rings; in other words we force the molecules to be coplanar since we refer to materials in the solid state for which x-ray diffraction data prove their coplanarity.24*25 The electronic and the vibrational properties of noncoplanar molecules have been also calculated and the results presented and discussed in Ref. 26 .
The chain length dependence of the calculated geometries and of the electronic properties of the five oligomers of Th are given in Table I which illustrates quite clearly the dependency of the geometrical parameters on the delocalization of the 'TT electrons along the molecular chain.
The first conclusion we draw from the above data is that, within MNDO methods, the calculated geometries do not change substantially with conjugation length since already for n > 3 the numerical values reach a plateau. On this basis the optimized geometry calculated for Th, (Fig. 1) is used in all the dynamical calculations for the polymer, PTh.
The P electron delocalization shows to be more effective on I,, I&, and BW. Indeed for n < 6 the electronic properties keep changing smoothly tending towards a plateau. The calculated value of 1, for Th, is 8.23 eV. Following Bredas" the MNDO calculated value must be scaled downward by 1.9 eV in order to correct for polarization energy. The final MNDO value of 6.33 eV can be considered in satisfactory agreement with the value of 5.0 eV obtained from VEH calculations for PTh. '* On the other hand, the calculated value of E, for Th, is much larger than the experimental value for the polymer" (talc. 6.75 eV, expt 2-2.5 eV) as usually found in semiempirical theoretical calculations.
III. MOLECULAR DYNAMICS

A. Methods
On the optimized equilibrium geometries of the oligomers we have calculated quadratic valence force fields from which normal modes and frequencies are derived. Dipole transition moments are also calculated for the infrared active modes, thus providing an approximate prediction of the absorption intensities in infrared.
In these calculations harmonic force constants (F, > rj in Cartesian coordinates are first obtained by calculating analytically the first derivatives of the potential energy about the equilibrium configuration; the second derivative is obtained numerically. Since we need to describe the various spectro-BIG. 1. Optimized MNDO molecular parameters for hexathiophene constrained in a fully coplanar structure.
scopic and dynamical properties in molecular terms we must work with the traditional valence force field FR, where R represents a set of bond stretching and angle bending or torsional coordinates. In matrix notation the linear transformation from x to R, R=Bx, (1) yields a redundant set of R since many cyclic and threebranch local redundancies occur in the molecules studied. 2g*30 One way to remove the redundancies is to adopt the method of Pulay et al." consistently to all the systems studied in such a way that the numerical results can be compared throughout the series of molecules. With a further linear transformation S = UR Pulay's method defines a set of local coordinates free from any geometrical dependency. Details of the dynamical calculation can be provided by the authors upon request.
The potential energy in Cartesian coordinates, 2V= PF,x, can be reexpressed in terms of the S coordinates as
(3) The B matrix used here is written in such a way that its inverse exists.32
All the MNDO calculated values reported in this work refer to the Scoordinates. For the solution of the vibrational problem for finite molecules we follow Wilson's method3' and solve the eigenvalue equation:
where G, is the kinetic energy matrix, F, the matrix of the symmetrized force constants, L, the matrix of the vibrational amplitudes, and A is the diagonal eigenvalue matrix with Vf = [il,/(4?7?)]"*, vi being the vibrational frequency expressed in cm - '. It is known that all quantum chemical methods, both semiempirical or "ab initio," provide calculated force constants and frequencies 10-30s larger that the experimental ones.3' It is then customary to introduce a set of scaling factors to reduce the discrepancies between calculated and experimental data. The arbitrariness in the choice of the scaling factors is consistently reduced if the method of Pulay et al. is adopted. 3' All the frequencies and the force constants reported in this paper are scaled; the scaling factors of the force constants adopted in this work are reported inTable II. In Ref. 33 we discuss in detail the way the scaling factors have been computed.
B. Vibrations of the ollgorners Th,
The vibrational problem dealt with in this paper is extremely large and all the calculated data cannot be reported in just one paper; we report here some of the calculated data which can better define and clarify the concepts and results discussed in paper II where the dynamical problem of PTh as an electrically conducting material is analyzed. All the detailed results only relevant to a purely spectroscopic analysis of the oligomers will be published elsewhere.
The relevant data for a vibrational analysis of the molecules studied in this paper are the following: In this paper we restrict further our discussion to the inplane normal modes which are more relevant for the purpose of the present analysis. In the light of what was mentioned above we focus here mainly on the vibrational data calculated for Th, and will only mention a few parameters calculated for Th,.
The MNDO calculated frequencies for Th,, suitably scaled, are reported in Table III . Since a vibrational analysis of this molecule has never been reported we have recorded the infrared and Raman spectra of this molecule in the solid and solution states.34 The vibrational assignment, i.e., the pairing between experimental and calculated frequencies is made easier by the selection rules which clearly separate infrared active u modes from the Raman active g modes by the principle of mutual exclusion. The fitting can be considered very satisfactory in the light of the fact that no adjustment has been made of the scaling factors nor least-square adjustment of the force constants (after scaling) have been made.
The precise description of the normal modes is given by the calculated vibrational displacements derived from the eigenvector matrix L, in Eq. 4 in Fig. 2 we report the vibrational displacement of some of the A, normal modes whose shape are relevant for the discussion which will follow in I and II. We extract from the very large matrix of the force constants those terms (Table IV) which are more relevant for the discussion which follows for the understanding of the conjugation dependent spectroscopic properties.
As already stated from Table III, in combination with  Table IV , we derive that information which provides us with a guide for the understanding of the dynamics and spectra of PTh. First, it can be reasonably stated that since the fitting between calculated and observed spectra of the various oligomers is satisfactory we can safely rely on the calculated vibrational potential and use, in a first approximation, the scaled MNDO force field for the study of the polymer. Moreover, we can draw some conclusions on structure and properties of these materials.
We notice that the delocalization of the r electrons within the ring does take place, but to a lesser extent that in the corresponding bipyrrole, and even less that in the fully delocalized molecule of benzene.
The ratio Fc-</F& between adjacent bonds within the ring is 1 for benzene, 1.13 in bipyrrole, 1.20 in bifurane, and 1.28 in bithiophene, thus showing that Thz (and also the other oligomers) have a "polyenic" character larger than Pv, and other oligomers. These calculations are taken from unscaled MNDO force constants. The general experience is that the calculated numbers by MNDO or other quantum chemical methods must not be taken too literally; their trends are, however, generally meaningful.
This fact is understood in terms of the electronegativity of the heteroatoms, namely, the Natom pulls electrons more than theSatoms. S thus allows YT electrons to be more localized within the ring. The inter-ring delocalization does, however, take place as shown by the diagonal inter-ring stretching force constants F,,-,, and especially by the interaction terms between the C-C bonds of one ring with the C-C bonds of the other ring. As indicated by the calculated bond length (Table I> also the values of FccX*, shows that the contribution by the "quinoid" structure is small, but not negligible. Indeed the bond order of the inter-ring GC* takes the value of 1.032 (Th,) which increases to 1.036 for Th,. Such inter-ring resonance (or conjugation) is the origin of the electronic properties which make this class of compounds good electrical conductors.
The chain length dependency of the vibrational potential is tested with the calculation on Th4. From the complete calculations carried out we extract and report in Table V only the values of the diagonal and off-diagonal elements associated with the stretching of the CC bonds throughout the whole molecule.
The observations which will become relevant in paper II are the following:
.ex (i) The interactions between the C==C bonds at the two extreme sides of the molecule are very small, but nonzero.
Within the limit of MNDO we learn that IT electron delocalization takes place along the growing l-d chain of PTh and dies off with the number of adjacent rings. The low rate of decrease of the values of interactions depends, however, on the number of repeat units within the chain and depends also on the quantum chemical method used. This is shown, for instance, by the values.of the interaction FzF6 in Th, and Th,. This means that when we transfer to the polymer the vibrational constants derived from the oligomers (a) we neglect small, but non-negligible, contributions originating from the changes of shape and extension of the wings of the decreasing function of the C-C interaction force constants, and (b) we consciously cut the possible further extension of delocalization to longer distances, thus arbitrarily introducing a confinement length. This fact has been discussed already in the case of polyacetyleneZ3 and will become an important issue when the theory of the effective coordinate is discussed in paper II.
(ii) In the theory of the "effective coordinate" first worked out for polyacetylene2~23 and extended to polypyrrole35 and PTh in paper II the change of sign of the interaction force constants between CC bonds is an important factor. As first proposed in the case of many polyconjugated systems3638 and later rationalized by Kakitani,39 C=C/C=X! and C-C/C-C interactions should be negative while C=C/C!-C terms should be positive. This rule is not completely verified in the oligomers we have studied. In particular the rule does not apply systematically between the C-C* inter-ring bond and the second neighbor C==C. It is not yet clear whether this fact reflects some peculiar physical interactions between the n-electrons of these systems or whether it is only a consequence of the semiempirical quantum chemical method adopted in our calculations.
(iii) The existence of an increasing.p electron delocalization when chains lengthen is experimentallyshown by the chain length dependency of the Raman active ring stretching modes in the 1550 cm ~-' range. Since the Raman spectra of these materials are generally recorded ifi resonance conditions it has been shown that" the totally symmetric modes acquire a strong intensity with respect to the other Raman active modes. Moreover, according to the effective coordinate theory,20-23 in paper II we show that of the totally symmetric modes those which contain a contribution by the socalled "effective coordinate H." are the most enhanced ones. Such coordinate S is related to the extent of n-electron delocatization along a certain ,trajectory of the CC skeleton in going from the "aromatic" to the "quinoid" structure. Calculations show that the largest contribution by the R coordinate is found in one totally symmetric mode whose frequency (in cm ') is calculated to shift with conjugation length (Th, 1571, Th, 1560, Th, 1554, and 1549 Th,). The experimental Raman spectra by Akimoto et al. I6 and by Harada4' TABLE IV. MNDO scaled force constants (mdyn/A) for the carbon skeleton of 2,2'-bithiophene Note: here, for example, "1" indicates the diagonal force constants of bond 1 whereas "l-2" indicates the interaction constant between bonds 1 and 2.
clearly show a line which shifts with the length of the oligomer (Th, 1556 , Th, 1530 , Th, 15 19, and Th, 1507 . Incidentally, the comparison of the calculated and observed frequencies of the "effective mode $I" listed above shows clearly the limit of MNDO in providing quantitative information when long range interactions have to be considered.
IV. PRISTINE POLYTHIOPHENE (PTh)
When PTh is taken as a l-d lattice of Th units, all coplanar and in "anti" conformation, its repeat unit consists of two Th rings. The factor group of such l-d lattice is isomorphous with the point group D 2h. The dispersion relation of the phonons13,42 contains 28 branches for the in-plane motions of which 26 are optical and 2 are acoustical. Phonons with k = 0 are distributed in the following irreducible representations: in-plane modes 7A, + 7B, + 6B,, + 6B,,. For the out-of-plane motions we expect 12 optical and 2 acoustical branches with k = 0 phonons distributed as follows: 2B2, + 4B,, + 3A, + 3B,, . The g modes are Raman active and of those the 7A, in-plane k = 0 modes are expected to be resonantly enhanced. The enhancement of the A, modes is proportional to the square of the vibrational amplitude IL, 1' of the effective coordinate 51,2G23 as discussed in II. A,, modes are inactive while the other three species are infrared active. No experimental distinction between various species can be made unless the polymer is oriented by stretching. So far no usable experimental data on stretch oriented PTh are available. We discuss in this paper only the in-plane phonons. Phonon dispersion curves have been calculated on the basis of the traditional internal displacement coordinates R transformed into S for the reasons and with the methods explained in Sec. III of this paper. The translational periodicity is accounted for by the solution of the k-dependent eigenvalue equation. 13*42
where the matrices in the above equation have been defined in Sec. III. The geometrical parameters for the construction of the G, matrix are transferred from the optimized MNDO geometry of the central rings of Thb (Fig. 1) . These theoretical parameters very nicely compare with the recent data from xray diffraction on PTh by Brukner et ai.= The force field obtained from Th, and discussed in Sec. III B has been used for PTh. Figure 3 reports the dispersion curves for the in-plane phonons of PTh. The results for analogous calculations on 2,5-'3C-polythiophene ( 13C-PTh) and perdeutero polythiophene ( DPTh) are available upon request.
The experimental infrared and Raman spectra for the three isotopic species are taken from the work by Akimoto et al. '" The vibrational assignment is guided by the MNDO calculated k = 0 frequencies and normal modes are described in terms of the potential energy distribution (PED) commonly adopted in molecular dynamics.29*38Y39 More- over, the precise description of the modes is available from the eigenvectors of Eq. (4) expressed in Cartesian coordinates.
The choice of the experimental frequencies to be paired with the theoretical ones is based on following criteria: (i) No coincidence between IR and Raman lines has to be expected if the molecule is coplanar because of the selection rules for centrosymmetrical systems, (ii) the lines observed in resonance Raman scattering, for the reasons discussed before, originate from A, modes, and (iii) use is made of the predicted and observed isotopic shifts for the three isotopic derivatives.
In Table VI we report the k = 0 A, Raman active phonon frequencies for the three isotopic molecules. Since the A, modes are of particular importance in the study of polyconjugated molecules (see paper II and Refs. 20-23 ) we thought necessary to improve the fitting of the A, modes. We used MNDO force field as a starting set for a least-squares relinement (in the 5I space, see paper II) of the experimental date of the three isotopic molecules. The results are included in Table VI .
The pairing between calculated and experimental infrared frequencies is not attempted here since the experimental evidence on the symmetry properties of the infrared active transitions is lacking. In a first approximation we point out that the first two IR active transitions in the ring stretching region,can be reasonably paired with the calculated ones (PTh talc-expt 1489 -1490 1438 -1440 DPTh 1464 DPTh -1443 DPTh , 1437 DPTh -1420 13C-PTh 1468 13C-PTh -1475 13C-PTh , 1421 13C-PTh -1427 .
The features of the phonon dispersion curves are typical of l-dimensional covalent organic crystals;'3.42 optical branches do not show large dispersion, thus giving rise to very sharp and narrow singularities in the density of vibraDPTh 13GPTh TABLE VI. Calculated A, k = 0 in plane modes (cm - ' ' ) of PTh, DPTh, and '-'C-PTh. PTh tional states g(y); the acoustical modes are strongly dispersed and even cross each other showing repulsion of levels which generate additional weak singularities of g( Y) in the low energy region.
The fact that the phonon branches are not very flat and show a small, but non-negligible dispersion; indicates that intramolecular coupling between rings does occur. It has been shown in the case of polyacetylene20-23 that the extent, value, and sign of the interactiofis between neighboring chemical units affect substantially the shape and dispersion of the phonon branches mostly related to the "effective coordinate 53," i.e., to the "dimerization amplitude."B23 This means that the shape of the calculated dispersion curves are strongly dependent on the quantum chemical method used in the calculations.
V. CONCLUSIONS
We have shown that from the study of the electronic and dynamical properties of the oligomers of Th one can derive parameters to be satisfactorily trinsferred to the study of the dynamics of the l-d crystal of PTh. The use of semiempirical MNDO methods has allowed us to obtain ground state geometries, electronic properties, vibrational force fields, and tlie derived vibrational frequencies and amplitude in a systematic w&y. The results show an acceptable trend of the predicted properties which nicely, even if not fully quantitatively, reproduce and explain the experimental on'es. All the theoretical as well as the experimental results indicate that QT electron delocalization does take place and can be experimentally measured also with the vibrational spectrum. The sulfur atom gives the system a subst'antial charslcter of "polyene" since, even allowing for inter-ring delocalizatioii, somewhat localizes the r electrons within the ring especially within the bonds C,-C, and C!, -C,. . This is not the case of polypyrrole recently studied.3'
